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Forord 
Dette speciale er blevet til i perioden fra november 2005 til november 2006 på 
Institut for biologi og kemi Roskilde Universitetscenter, og vægtes med 15 ECTS 
point. Specialet er skrevet i en tid hvor store omvæltninger har fundet sted på 
RUC. Instituttet er fra d. 1-9-2006 blevet splittet op i to, således at mine to 
faggrene, kemi og miljøbiologi, nu er at finde på to forskellige af de seks nye 
institutter. Man må således konstatere, at min uddannelse er en af de allersidste, 
hvor tværfagligheden og samarbejdet mellem miljøbiologi og kemi kommer til sit 
fulde udtryk. Det bliver spændende, at se hvad fremtiden bringer. 
 
Den oprindelige ide til problemfeltet blev udtænkt af min vejleder lektor Hans 
Ramløv, mens jeg har udarbejdet forsøgsopstillinger og fremgangsmåde. Som det 
”altid” sker under udførelse af eksperimentelt arbejde støder man ind i visse 
problemer. Sådanne problemer har været udtalte i mit forsøg på at kvantificere 
aminosyresammensætningen i Richtersius coronifer. Fejlfinding og nye 
forsøgsdesign tager tid at udvikle og specialeskrivningen har, som reglen 
foreskriver, taget længere tid end først beregnet. Afleveringen af specialet kunne 
have trukket endnu længere ud, hvis det ikke havde været fordi jeg skal være far 
til december. Da det at blive far ikke kan komme i anden række, er jeg blevet nødt 
til at færdiggøre specialet og har således ikke nået at færdigudvikle 
forsøgsdesignet i forhold til den oprindelige plan. 
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Abstract 
The osmoregulation capacity of the limno-terrestrial tardigrade Richtersius 
coronifer has been investigated. The animal’s ability to survive osmotic stress 
caused by saline and poly ethylene glycol (PEG) solutions has been investigated. 
Experiments showed that R. coronifer is a strong regulator, although the animal’s 
activity is affected at osmolalities higher than the normal haemolymph 
osmolality, which were found to be 168 ±18 mOsm. The response to saline and 
PEG- solutions differed, as salinity had a concentration dependent effect on 
survival, while PEG had an exposure time effect. Animals treated with PEG went 
into a tun formation equivalent to the tun associated with anhydrobiosis, while 
animals treated with saline solutions failed to subtract their legs. Osmolality 
measurements on single animals revealed good osmotic control at low salinities. 
No evidence of R. coronifer ability to enter osmobiosis was found, but osmotic 
stress caused by PEG triggered tun formation and could thereby indicate early 
cryptobiotic defense. The idea of osmotic stress functioning as an early warning 
system of cryptobiosis is supported in the literature. This could be of profound 
importance for cryptobiotic survival, as it gives tardigrades time to prepare for 
oncoming dry spells. 
 
Den limno-terrestriske tardigrad Richtersius coronifers evne til at osmoregulere 
er blevet undersøgt, med henblik på dens evne til at overleve osmotisk stress, 
fremkaldt af salt og polyethylenglycol (PEG). Resultaterne viste, at R. coronifer er 
en god osmoregulator, selvom dyrenes aktivitet bliver påvirket, når den eksterne 
osmolalitet overstiger den normale osmolalitet af haemolymfen.  Osmolaliteten af 
haemolymfen blev målt til 168 ±18 mOsm. Effekten af salt og PEG på dyrenes 
overlevelse var forskellig. Hvor salt viste sig at have en koncentrationsafhængig 
effekt på overlevelsen havde PEG en tidsafhængig effekt. Bjørnedyr, som blev 
udsat for PEG, dannede tønde-stadiet, et stadie kendt fra dyr, der går i 
anhydrobiose, mens bjørnedyr som blev udsat for salt, ikke trak deres ben ind i 
kroppen. Osmolalitetsmålinger på enkelte dyr viste, at dyrene udøver god 
osmotisk kontrol ved lave saliniteter. Der blev ikke konstateret nogen beviser på 
at R. coronifer kan gå i osmobiose, men osmotisk stress fremprovokerede  tønde-
stadiet, hvilket tyder på at osmotisk stress aktivere cryptobiotiske 
forsvarsmekanismer. Ideen om, at osmotisk stress fungerer som cryptobiotisk 
advarsels signal understøttes i litteraturen, en sådan advarsel vil give dyrene 
længere tid til at forberede sig på snarlig udtørring og derfor have stor kompetetiv 
betydning for dyrene . 
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Introduction 
All life is associated with water and all biochemical processes are fine-tuned to 
take place in or around water. Extracellular fluid surrounding living cells are 
imitations of the primeval sea, where life first evolved, and most biological 
systems are affected even by small fluctuations in solute concentrations. When 
plants and animals started to move out of the sea and into freshwater and 
terrestrial habitats, they were therefore confronted with severe challenges to 
develop new methods of osmoregulation and desiccation tolerance. The ability to 
cope with osmotic stress encountered in these new environments was of crucial 
importance. Therefore a broad range of adaptations that ensures survival of 
osmotic stress has been developed within the animal and plant kingdoms.  
 
Within the plant kingdom one can find storing of excess salts in vacuoles, 
shedding of leaves containing large amounts of stored salts, reduced permeability 
of roots, stomatal closure to avoid water loss and production of compatible 
osmolytes, for a review Hasegawa et al. 2000. 
 
Animals basically have two ways of dealing with osmotic stress; either they are 
osmoregulators keeping the internal osmolyte concentration constant, 
independently of the osmotic pressure of the surroundings, or they are 
osmoconformers adjusting the internal osmolality to that of the surroundings. 
Osmoregulators are split up into several groups, defining them as e.g. strong and 
weak regulators (figure 1), the different groups will usually be found in different 
types of habitats. Osmoregulators need to be able to get rid of excess salts, or 
actively promote uptake of salts from the environment [Wilmer et al. 2005]. Low 
permeability towards water and salts are key adaptations in maintaining a stable 
internal environment. Osmoconformers usually varies their internal 
concentration of compatible osmolytes to avoid swelling or shrinkage, due to 
difference in osmotic pressure between haemolymph and the surrounding 
medium. Compatible osmolytes (e.g. amino acids, taurine, betaine, polyols and 
sugars) will thus be synthesized upon a rise in external salt concentration, to keep 
internal and external osmotic pressure equal. A change in internal inorganic ion 
concentration of around 200 mOsm will usually kill animals [Gilles 1979]. At 
high external osmolalities water will diffuse out of the animals and osmolytes into 
the animals, while low osmotic pressure will cause the opposite process to take 
place, salt leaking out of the animal and water diffusing in swelling the animal 
[Gilles 1979].  
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When considering micro metazoans, the amount of possible adaptations is 
reduced, especially because of the large surface to volume ratio. If the animals are 
osmoregulators they will thus have to be relatively impermeable to both 
osmolytes and water. Freshwater animals are always hyper-osmotic compared to 
their surroundings, and therefore they most be osmoregulators at low 
osmolalities. Osmoconformation via the production of osmotic active organic 
molecules is a likely employed strategy in small animals encountering elevated 
osmolalities, as it rules out the problem of keeping a constant volume [Gilles 
1979].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Water bears or tardigrades (phylum Tardigrada) are small animals with 
maximum length of around 1mm. They have been found in every habitat from the 
bottom of the open ocean [Hansen et al. 2001], to cryoconite holes on glaciers 
[De Smet and Van Rompus 1994] and semi-terrestrial habitats. Tardigrades are 
known cryptobiots and have been studied in that aspect for the last 200 years 
[Keilin 1959]. Cryptobiosis is as a latent state of life with no metabolic activity. In 
the cryptobiotic state animals can survive for years and are also capable of 
withstanding e.g. very low temperatures [Ramløv and Westh 2001] and 
immersion in organic solvents [Ramløv and Westh 1992]. The excess resistance 
of the cryptobiotic state has lead to a widespread overestimation of tardigrades 
 
Figure 1: Graph that shows the relationship between external 
and internal osmolarity in animals that are both osmoregulators 
and osmoconformers. The dashed line shows the case where 
internal and external osmolarity are equal, also indicating 
perfect osmoconformation. From Wilmer et al. 2005. 
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abilities to withstand and survive severe exposure to a broad range of extremes 
[Bertolani et al. 2001, Jönsson and Bertolani 2001]. So far most of the research 
on tardigrades has been focused on describing how the animals can survive the 
metabolic standstill associated with cryptobiosis. This research has given a brief 
coverage of tardigrade biology as papers describing tun formation [Wright 
1988b], cuticle characteristics [Wright 1988a, Wright 1989a], biochemical 
protection during cryptobiosis [Westh and Ramløv 1991, Schill et al. 2004] and 
behavior that improves survival [Ivarsson and Jonsson 2004] have been 
published. The knowledge of the tardigrades ability to osmoregulate is very 
limited, although species of tardigrades have been found to inhabit the intertidal 
zone and therefore be subjected to fluctuating osmolalities [Green 1950]. 
 
Another part of the tardigrade community has been studying the taxonomical 
aspect of the phylum, and therefore the morphological traits are also well 
described. Morphological comparison is firmly established as the main way to 
describe tardigrade systematics [Kinchin 1994]. In recent years the evolution of 
tardigrades and especially the placement of the phyla in the tree of life has 
received much attention following a paper that established a new clade, the 
Ecdysozoa, where tardigrades were aligned with all other moulting animals 
[Aguilnaldo et al. 1997]. Although the establishment of the Ecdysozoa is still 
being debated e.g. [Pilato et al. 2005], tardigrades are compared to other animals 
of the Ecdysozoa in the present investigation, to get a wider perspective on 
tardigrade osmoregulation. A phylogenetic tree containing all mentioned animals 
is included in appendix 3. 
 
The literature lacks, for the most part, more classical physiological studies on 
tardigrades. In order to fully understand this phyla’s biology it is therefore of 
great importance to investigate the biology of these animals, as this will lead to a 
greater understanding of the mechanisms that leads to cryptobiotic survival. The 
size of the animals and the lack of laboratory strains make these investigations 
relatively costly in the matter of time, and therefore their biology is in general 
poorly understood and investigated. 
 
This master thesis concerns the osmoregulation capability of the tardigrade 
Richtersius coronifer. The aim is to obtain knowledge of the animal’s response to 
osmotic stress, to assess the osmotic protection in the form of compatible 
osmolytes and to investigate whether the animals are able to enter osmobiosis. R. 
coronifer is easily obtainable and is therefore ideal to use in the work of 
developing laboratorial practices. Even though they presumably are not subjected 
to large osmotic fluxes in nature, malphigian tubules has been described in semi-
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terrestrial species e.g. [Weglarska 1980]. This observation provides 
circumstantial evidence that osmoregulation is taking place. Investigations into 
cryptobiotic animals’ osmoregulation is important, as the effect of internal build-
up of inorganic ions is not known. Work is also needed on the ability to enter 
osmobiosis, as this phenomenon is generally poorly understood. It is therefore of 
profound significance to investigate which animals that are capable to enter this 
form of cryptobiosis. 
 
Tardigrada 
Tardigrades comprise a phylum that is related to the onychophorans, arthropods, 
nematodes, nematomorphs, kinorhynchs and priapulids [Aguinaldo et al. 1997]. 
They are small aquatic or semi-terrestrial animals that have been found 
worldwide, inhabiting some of the most diverse and fluctuating ecosystems in the 
world. Semi-terrestrial habitats can be described as; terrestrial habitats that at 
least periodical contains a liquid water phase. Typical habitats are soil and moss 
cushions which withhold water and therefore functions as de facto freshwater 
habitats.  
 
The phylum contains approximately 800-900 known species [Nelson and Marley 
2000] but this number is steadily increasing as new species are discovered. The 
phylum is separated into two monophyletic classes; the Heterotartigrada 
(armoured tardigrades) and the Eutardigrada (naked-tardigrades) [Garey et al. 
1999, Jørgensen and Kristensen 2004, Nichols et al. 2006]. A third class the 
Mesotardigrada was described by Rahm 1937 for Thermozodium esakii, but has 
since been removed from the literature as no new observations have been made 
and the habitat has been destroyed [Personal communication Ramløv, H.]. Both 
major classes of tardigrades each consist of two orders; the Eutardigrada consists 
of Parachela and Apochela and the Heterotardigrada of Arthrotardigrada and 
Echiniscoidea. The Athrotardigrada has recently been found not to be 
monophyletic [Nichols et al. 2006]. R. coronifer which is the target species of this 
investigation, belongs to the Eutardigrada order Parachela and is placed in the 
family Macrobiotidae. 
 
Morphology 
The internal structure is surprisingly conserved in all known tardigrade species, 
although the range of their habitats is enormous. Due to their uniform 
morphology it is relatively simple to describe the general trends in morphology. 
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Tardigrades have four pairs of lobopod like legs 
that are fully subtractable. Each leg terminates in a 
set of claws or sucking discs. The claws play a 
major role in tardigrade systematics, as they are 
quite easy to recognize [Kinchin 1994].  One genus 
of eutardigrades, the Apodibius, lack claws 
altogether and has therefore been hard to place 
taxonomically. 
 
Most tardigrades are litter feeders or herbivores, 
using their stylets to puncture plant cells and their 
pharynx to suck the cell contents [Kinchin 1994]. 
R. coronifer lives off the moss that also makes up 
their habitat [Rebecchi et al. 2003]. Some species like the semi-terrestrial 
Milnesium tardigradum are predators; feeding on micro metazoans like 
nematodes and other tardigrades [Romano 2003]. 
 
Tardigrades have a haemocoel-
type body cavity as seen in the 
arthropods. The body cavity 
contains a complete digestive 
tract consisting, in given order, 
of a buccal tube, a pharynx, an 
oesophagus, a midgut and a 
hindgut. The pharynx is a 
complex structure that consists 
of a pharyngeal bulb separated 
from the lumen by a cuticular 
layer strengthened by bars 
called placoids. The first three 
sections are also called the 
foregut. During moulting the 
foregut and the hindgut is shed alongside the cuticula [Kinchin 1994]. 
Eutardigrades have three “malphigian tubule”-like organs, believed to be 
associated with osmoregulation [Møbjerg and Dahl 1996]. Heterotardigrades 
have some organs ventrally in the cuticle, that are believed to take part in 
osmoregulation [Kinchin 1994]. Tardigrades also have a neural system made up 
of a lobed dorsal brain with a ventral nerve cord with fused ganglia. 
  
Figure 2: R. coronifer egg 
from Bavaria, Germany. 
Spicules are clearly visible at 
approx. 50 times enlargement 
[Link 1] 
Figure 3: Dorsal view of fully active R. coronifer
from Öland, Sweden. In de-mineralised water 
approxematly one hour after rehydration from the 
anhydrobioic stage. The four sets of lobopod legs 
can be seen on one side of the animal. 
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Eutardigrades have a relatively uniform morphology and the main characteristics 
for distinguishing single species is therefore differences in claw and the buccal 
pharynx apparatus [Kinchin 1994, Nelson and Marley 2000]. The uniformity can 
to some extent be ascribed the ability to enter cryptobiosis [Kinchin 1995] 
 
Habitat and reproduction 
Tardigrades are egg laying and even though the eggs are relatively large 
compared to adults (figure 4), the juveniles need to go through several mouldings 
before being sexual mature. Some eutardigrades lay their eggs within a shedded 
cuticula, called an exuvium, probably to protect the eggs against rapid drying or 
other environmental factors influencing the fitness of the eggs [Kinchin 1994] 
(figure 4). Very few eggs have been described from heterotardigrade species and 
this could be the reason that the phenomenon has not been observed within this 
class. Taking the large size of the eggs into consideration, the link between cuticle 
shedding and egg laying seen in exuvium-formation, could be caused by egg 
laying normally being hampered by the stiff cuticula. Parthenogenesis has been 
reported to be a normal way of reproduction in tardigrades and as both unisexual 
and 
heterosexual populations have been reported this comes as no surprise [Altiero 
and Rebecchi 2003]. The occurrence of unisexual populations is probably caused 
by the patchy distribution pattern between microhabitats [Meyer 2006]. Wind 
Figure 4: Exuvium from R. coronifer containing six eggs. The 
shedded cuticula consists solely of the epicuticle and the 
intracuticle [Baccetti and Rosati 1971]. The observation of 
exuvias is relatively rare in samples although eggs are frequently 
encountered (from 25. November). 
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dispersal has long been believed to be of great importance for tardigrade 
distribution but it is very difficult to measure. Some investigations have been 
undertaken and Nkem et al. 2006 concluded, that wind dispersal was probably 
an important aspect for distribution of the soil fauna of the Antarctic dry valleys. 
They also found that micro metazoans where mainly distributed by the wind in 
the anhydrobiotic stage.    
 
The heterotardigrades are mostly marine while most eutardigrade species has 
been described from semi-terrestrial habitats. The eutardigrades is the only class 
that inhabit freshwater environments and it has been postulated that the marine 
members of the Eutardigrada have re-invaded their current environment [Crisp 
and Kristensen 1983]. Interestingly the marine forms are much more 
morphological diverse than the semi-terrestrial species. The low morphological 
diversity between eutardigrade species is probably caused by the ability to enter 
anhydrobiosis, which may be retarding evolution, or caused by limited 
morphological possibilities when being a cryptobiot due to e.g. surface volume 
[Kinchin 1995].  
 
The semi-terrestrial forms are often found in xeric environments on mosses, 
lichens and similar substratum. They are known to be able to enter cryptobiosis 
when subjected to drought (anhydrobiosis) [Crowe and Madin 1974, Westh and 
Ramløv 1991, Jönsson and Rebecchi 2001] and freezing (cryobiosis) [Ramløv and 
Westh 1992]. Semi-terrestrial tardigrades can be found in relatively high 
densities, even though frequent drought is encountered. In a recent investigation 
by Meyer 2006, the population density varies from microhabitat to microhabitat 
in a given area, but it seems that the larger the habitat, the higher the densities 
encountered, although the distribution was found to be quite patchy. In another 
study by Jönsson 2003 an average number of tardigrades per gram dry moss was 
found to be 200.1 ±376.0 (n=74) in a Swedish boreal forest. The large standard 
deviation in this study also indicates a rather patchy distribution. 
 
The tardigrade cuticle 
The tardigrade cuticle is relatively well described in the literature as a result of 
the interest in water retentive mechanisms associated with cryptobiosis [Wright 
1988a and Wright 1989] and for systematic purposes [Baccetti and Rosati 1971, 
Guidetti et al. 2000]. The cuticle of the heterotardigrades differs from that of the 
eutardigrades, e.g. the epicuticle in heterotardigrades contains pillars, a trait 
rarely seen in eutardigrades [Kristensen and Neuhaus 1999]. In the following the 
eutardigrade cuticle will be described in more detail. 
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Baccetti and Rosati 1971 showed that the cuticle of the bryophilous Macrobiotus 
hufelandi consisted of three main layers; an epicuticle, an intracuticle and the 
inner procuticle (figure 5). They found that the cuticle of tardigrades contains 
chitin like that of the arthropods. Primarily the chitin has been found to be 
localized in the proticuticle, but this observation varies from species to species, 
e.g. the intracuticle of M. tardigradum 
also contained chitin [Greven and 
Peters 1986]. The epicuticle, the 
outermost part of the cuticle, consists 
of polysaccharides and proteins, while 
the intracuticle consists mostly of 
lipids and glycoproteins and is 
believed to be the main water retentive 
barrier during desiccation [Wright 
1988a, Wright 1989a]. In between the 
intracuticle and the procuticle is a thin 
wax layer, which could also play a role 
in water exchanges [Baccetti and 
Rosati 1971]. 
 
Wright 1988a described the presence 
of small discs or rosettes on the cuticle 
of dried animals. The rosettes 
contained a major lipid component. 
This observation seems to imply that 
the tardigrades extrude lipids to close 
up pores and thereby function as a 
permeability barrier during drying. In 
another study the lipid composition 
was found to resemble that of the 
insect cuticle [Wright 1989a].  
 
It has been found that the thickness of the cuticle varies as a function of 
desiccation resistance, more resistant species having a thicker cuticle than more 
susceptible species [Wright 1988b]. The infolding of the cuticle during drying, 
giving rise to a surface reduction is also more pronounced in desiccation tolerant 
species [Wright 1989b]. This is in good agreement with the observations that 
tardigrades with lower water permeability are better at dealing with xeric 
conditions. It is believed that an important factor in anhydrobiotic survival is the 
Figure 5: The eutardigrade cuticle as 
described by Baccetti and Rosati 1971. The 
three main layers are the procuticle, the 
intracuticle and the epicuticle. The 
intracuticle is thought to be the main water 
retentive barrier. 
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ability to withhold water as long as possible, to allow the animal to prepare for 
cryptobiosis [Wright 1989b], e.g. the synthesis of cryptoprotectants like trehalose 
[Clegg 1965] and the organization of cellular structures and DNA are believed to 
be of importance in Artemia cysts [Clegg 1986].   
 
Osmoregulation in the Ecdyzoa 
The natural habitats of most semi-terrestrial tardigrades do not have notably 
fluctuations in osmolality. An exception could be during desiccation where the 
ions present in the habitat will become concentrated. Therefore it could be 
expected that the osmoregulative capabilities of land dwelling tardigrades would 
be limited. As the animals live in a medium that might only have an osmolality of 
a few mOsm, they are most certainly hyper osmotic compared to their habitat 
[Wright et al. 1992]. As mentioned all tardigrades have a common marine 
ancestor and since some eutardigrades have re-colonized the ocean, they must 
have been able to cope with increasingly saline habitats and therefore be able to 
perform active osmoregulation [Crisp and Kristensen 1983]. Whether this ability 
is found in all eutardigrades or just a few species is not known and is therefore of 
interest in both an evolutionary and physiological scope. 
 
If elevated osmolality is encountered, the first result will be the removal of water 
from the cells. Water in biological system can in general be divideded into two 
groups; bulk water that is removable and bound water that is attached to 
proteins, membranes and other macromolecules and is not readably movable 
[Potts 1994]. Removal of bulk water will lead to molecular crowding within the 
animal, which can lead to changes in protein configuration and in extreme cases 
denaturation [Ellis 2001]. In theory desiccation and osmotic stress both leads to 
removal of cellular water, but air drying tends to be more rapid than osmotic 
drying, and will almost always leave some bulk water as internal osmolyte 
concentration rises [Potts 1994]. M. hufelandi can only survive for 6 hours in 
1100 mOsm NaCl solution which equivalents drying in 98.0% relative humidity 
which is normally tolerated [Wright et al. 1992].  
 
Osmoregulation in tardigrades 
Kinchin 1994 suggests four different ways of tardigrade osmoregulation: 1) 
Through the salivary glands during ecdysis, when the buccalpharyngeal 
apparatus is expelled, 2) via storing in excretory granules that are shed with the 
cuticula during ecdysis, 3) through the wall of the midgut, 4) through specialized 
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excretory glands like malphigian tubules in eutardigrades and possible through 
ventral organs in the cuticle in heterotardigrades. The two first excretory 
pathways will only work in excretion of ions, and will not work as a continuously 
way to deal with salt loading, as moulting only takes place so and so often. The 
two latter will in theory be able to both excrete and minimize loss of or perform 
active uptake of inorganic ions continuously. 
 
Malphigian tubules have been described in the eutardigrades but have not been 
observed in the heterotardigrades. The ability to osmoregulate has so far been 
linked closely to the size of the malphigian tubules. The marine species 
Halobiotus crispae has been reported to have some extraordinary large 
malphigian tubules, filling one third of the body cavity, and it is therefore 
postulated that the animal is a god osmoregulator [Møbjerg and Dahl 1996]. Yet 
in the active state H. crispae seems to have limited osmoregulation abilities, as 
they are intolerant of melt water [Crisp and Kristensen 1983]. The bryophilous 
Macrobiotus richtersi from the family Macrobiotae, which also contains R. 
coronifer, has been shown to contain three malphigian tubules; one dorsal and 
two lateral of different sizes [Weglarska 1980]. Most semi-terrestrial tardigrades 
would be expected to be hyper osmotic compared to their surroundings, therefore 
the malphigian tubules could be expected to produce hypo-osmotic “urine” to 
regulate inorganic ion contents. 
 
Tardigrades ability to survive high salinities has been briefly covered in Wright et 
al. 1992. In this investigation it was found that the LT50 value for M. richtersi was 
300 minutes in 319 mOsm NaCl solution, at 962 mOsm this number was reduced 
to 70 minutes. The limno-terrestrial Hypsibius oberhaeuseri values were found 
to be higher with >2000 minutes and 140 minutes respectively. 
 
The osmolality of tardigrades has been investigated at two earlier occasions; 
Crowe (1972) described the osmolality in the bryophilous Macrobiotus areolatus 
to be between 2200- 2870 mOsm with a mean of 2480 mOsm. Westh and 
Kristensen (1992) used differential scanning calometry to find the melting point 
of two species of tardigrades: R. coronifer with a melting point of –0.4 ±0.05 °C 
(215 ±27mOsm, winter acclimatized) and the limno-terrestrial Amphibolus 
nebulosus with a melting point of –0.2 ±0.10 °C (108 ±54mOsm). As it can be 
seen there is a huge difference within the reported results. Relative low values 
should be expected taking the habitat into consideration, making the results 
reported by Westh and Kristensen (1992) most likely to reflect the truth. 
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A recent study of R. coronifer shows that the animals do not rehydrate in 
Schneider’s medium1 with an osmolality of approximately 350 mOsm [Kristensen 
2006]. Schneider’s medium consists of ions and organic solutes in approximately 
the same concentration as the haemolymph of the fruit fly Drosophila 
melanogaster. The fact that the tardigrades do not rehydrate cannot rule out the 
possibility that they are able to cope with this osmolality when fully hydrated. 
When tardigrades encounter osmolalities above the osmolality of the 
haemolymph as found by Westh and Kristensen (1992), they contract rapidly into 
a tun [Collin and May 1950] indicating that they are primarily osmoregulating at 
low external osmolalities. This could indicate that high osmolality signals to the 
animals that they should prepare for cryptobiosis.  
 
Osmoregulation in related animals 
Investigations on nematode osmoregulation capacity showed that some 
nematodes are capable of surviving large fluctuations in water osmolality (from 0 
to 1000 mOsm of salt) [Piggott et al. 2000]. Nematodes are small with a large 
surface to volume ratio like tardigrades, and should therefore be just as prone to 
osmotic stress as tardigrades. As the nematodes in this investigation are 
entopahtogenic, it is believed that they need to adjust their osmolality, as the 
osmolality of the surrounding environment is changing. As example soil water 
might have a low osmolality, where as the osmolality of their host cotton 
leafworm, Spodoptera littoralis, midgut is 300-400 mOsm [Piggott et al. 2000]. 
 
R. coronifer is not experiencing as large fluctuations in osmotic pressure in 
nature, the largest fluctuations being when encountering desiccation. Charwat et 
al. 2002 found high survival rates in nematodes subjected to elevated osmotic 
pressure caused by sucrose. After 72 hours of exposure to a 2.0M solution more 
than 90% of Anguina funesta were still alive, while the three other species had 
survival rates of around 50%. 
 
Insects have evolved a broad range of desiccation resistance strategies; among 
these is the production of compatible osmolytes, reduced cuticula permeability 
and re-absorbance of evaporative water [Zachariassen 1996]. D. melanogaster 
has thus been shown to exert strict osmotic regulation during desiccation and 
subsequent rehydration [Albers and Bradley 2004]. Insects are also known to 
produce strong hypertonic urine in the malphigian tubules to avoid loss of water 
                                                 
1
 (1.65 mmol l-1 Gly, 7.35 mmol l-1 Pro, 6.1 mmol l-1 Gln, 1.28 mmol l-1 His, 0.57 mmol l-1 Leu, 4.5 mmol l-
1
 Lys, 1.28 mmol l-1 Val) 
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[Phillips 1970]. Nitrous compounds from the haemolymph diffuse into the tubule 
lumen, while inorganic ions are transported actively across the tubule membrane. 
The tubule content is excreted into the insect hindgut, where it mixes with gut 
contents; water and some ions are following re-absorbed making the faeces or 
urine hypertonic. Insects can vary the cell content of their tubules, making them 
more or less leaky to inorganic ions and water, for review see Beyenbach 1995. 
They are thereby able to shift habitat from freshwater in larval states to terrestrial 
habitats in adult stages. Tardigrades could be expected to have some of the same 
adaptations to deal with osmotic stress as the ones encountered in arthropods, 
especially because eutardigrades, as earlier described, are equipped with 
malphigian tubule-like organs. 
 
Marine crustaceans are also known to produce compatible osmolytes to keep 
osmolality equal to their surroundings and avoid salt loading. The shore crab 
Carcinus maenas has been found to produce free amino acids in order to avoid 
swelling [Siebers et al. 1972]. Bryophilous tardigrades could be expected to have a 
problem with volume control if they are subjected to elevated osmolalities, as 
they are relatively water permeable when fully hydrated, losing approximately 
50% of their original wet weight in 250 seconds in 80% relative humidity [Wright 
1989a]. 
 
Cryptobiosis 
As mentioned earlier much of the literature on tardigrades and related phyla 
concerns cryptobiosis. On top of this the evolutionary trends, dispersal and 
general adaptations in tardigrades could very well be linked to their cryptobiotic 
abilities [Kinchin 1995]. It is therefore a necessity, when dealing with tardigrades, 
to investigate this field in order to be able to understand the biology of the 
animals. Keilin (1959) defined cryptobiosis as a latent stage of life, with no 
obvious metabolic activity. He also split cryptobiosis into four different types 
instigated by different environmental factors; anhydrobiosis (desiccation), 
cryobiosis (freezing), anoxybiosis (anoxia) and osmobiosis (osmotic stress).  
 
The ability to enter a non-metabolic state and thereby avoid xeric, freezing and 
anoxic conditions as well as osmotic stress has been described in a broad range of 
animal, plant, fungi and bacteria taxa [e.g. Keillin 1959 and Hoekstra et al. 2001]. 
A number of physiological and biochemical adaptations has been found to play 
important roles in the ability to enter cryptobiosis [Westh and Ramløv 1991, 
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Ramløv and Westh 2001, Schill et al. 2004]. In the following a brief introduction 
to the field of anhydrobiosis and osmobiosis is given. 
 
Anhydrobiosis 
In order to understand the role of different biological parameters in cryptobiosis, 
investigations has been undertaken to describe which factors play vital roles in 
achieving high survival rates. The conservation of macromolecular and 
membrane structure has been found to be of vital significance. Anhydrobiosis is 
properly the must well understood of the four types of cryptobiosis and can easily 
be adopted as a model system for cryobiosis and osmobiosis as these types of 
cryptobiosis also involves removal of bulk water. 
 
When preparing to go into anhydrobiosis tardigrades enter a tun-stage, 
accomplished by infolding of the cuticle and subtraction of legs to minimize 
surface area and thereby loss of water. Nematodes have likewise been described 
to coil when entering cryptobiosis to increase water retention. During drying a 
“permeability slump” has been observed in cryptobiotic animals [Crowe 1972, 
Wright 1989a]. The decrease in water permeability was first linked to the creation 
of the tun-stage, but it has been shown that, animals that fail to initiate the tun 
stage still experience the permeability slump and therefore the phenomenon 
must be linked to cuticula structures [Wright 1988b]. Another explanation for the 
permeability slump is that the water that remains in the animals is so tightly 
bound at low hydration, that the rate of additional removal of water decreases 
[personal communications Ramløv, H.]. 
 
Disaccharide accumulation has been described to play a major role in 
cryptobiosis, for a review see Clegg (2001). Trehalose accumulation has been 
connected with cryptobiosis in tardigrades [Westh and Ramløv 1991], 
Nematodes, Arthropods, Protozoans and Rotifers even though the lack of 
trehalose in some bdelloid rotifers entering cryptobiosis has been reported 
[Lapinski and Tunnacliffe 2003]. It is believed that trehalose acts as a substitute 
for water, thereby protecting protein and membrane conformation during drying 
and re-hydration.  This is known as the water replacement hypothesis [Crowe et 
al. 1998]. Sucrose has been found to substitute trehalose as a structure protectant 
in anhydrobiotic plants [Hoekstra et al. 2001]. 
 
Difference in cryptobiotic survival has not been detected between two 
populations of the same species. Jönsson et al. (2001) compared two populations 
from each of the two species R. coronifer and Ramazzottius oberhaeuseri from 
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Sweden and Italy but found no difference in cryptobiotic survival, even though 
weather data suggested that the habitat in Italy was dryer than the Swedish one. 
 
The intracellular concentration of inorganic ions has not been studied closely in 
cryptobiotic animals. When the animals begin to dry, the internal concentration 
of ions will rise if the animal is not able to exclude these during desiccation. 
Salting out of proteins could therefore lead to loss of protein and therefore 
viability. The effects of a rise in the internal ion concentration have not been 
investigated directly. Although a study on the nematode Aphelenchus avenae 
suggested that they leaked inorganic ions and primary amines upon rehydration 
[Crowe et al. 1979], the effect of this loss has not been investigated.  
 
Desert beetles have two strategies for inorganic ion management when 
encountering desiccation. The predatory beetles of the family Carabidae excretes 
Na+, while the herbivorous Tenebrionidae the Na+ is deposited within the body. 
The Carabids can easily replenish their Na+ content from their diet while the 
Tenebrionids feed on a low Na+ diet [Zachariassen and Pedersen 2002]. As most 
tardigrades are herbivorous a likewise relationship could be expected, and they 
should therefore store inorganic ions within cells during cryptobiosis. Loss of 
inorganic ions upon rehydration, like it has been described in nematodes, has not 
been investigated for tardigrades. 
 
Osmobiosis 
Osmobiosis, or the ability to enter a non-metabolic state when subjected to 
osmotic stress, is not as well described in the literature as the other types of 
cryptobiosis. It is therefore not known how widespread this phenomenon is in 
nature. 
 
When entering anhydrobiosis tardigrades enter a tun stage, the same behaviour 
could be expected when animals are subjected to osmotic stress. Collin and May 
(1950) found that animals quickly entered tuns when encountering more than 
300 mOsm. The tardigrades should therefore be hypo-osmotic compared to this 
osmolalilty. As mentioned earlier this indicates that a rise in external inorganic 
ion concentration functions as signal for the animals to start and prepare for 
cryptobiosis. Prolonged survival in hyper-osmotic media has not been described 
in the literature for tardigrades. 
 
Glazer and Salame 2000 showed, that osmotic stress enhanced survival when 
used as a pre-treatment before desiccation in the nematode Steinernema 
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carpocapsae. Osmotic stress contributed just as much to survival as if the 
animals had been pre-desiccated at high relative humidities. Charwat et al. 2002 
used four other nematodes species and demonstrated that at least two of these 
showed the same positive relationship between osmotic stress and survival. 
Investigations on nematode osmoregulation capacity showed that some 
nematodes are capable of surviving large fluctuations in water osmolality (from 0 
to 1000 mOsm of salt) [Piggott et al. 2000]. Nematodes also showed high 
survival rates and coiling in elevated osmotic pressure, indicating that they are 
capable of entering osmobiosis [Charwat et al. 2002] 
 
In a recent study trehalose production was stimulated by a rise in ion 
concentration in the chiromonide Polypedilum vanderplanki, but the viability of 
the animals declined [Watanabe et al. 2003]. Further studies by the same group 
showed that LEA (Late embryogenesis abundant) protein synthesis associated 
with anhydrobiosis was also triggered by salinity stress [Kikawada et al. 2006]. 
No such mechanism has been observed for other cryptobiotic animals and it was 
therefore concluded that an increase in external solutes did not trigger 
cryptobiosis. 
 
As yet no tardigrades have been observed to enter osmobiosis. Yet animals found 
in the littoral zone must encounter large fluctuations in osmotic pressure and 
should therefore be expected to be either very good osmoregulators or to be able 
to enter osmobiosis [Crisp and Kristensen 1983]. Whether animals that live in the 
littoral zone enter osmobiosis or enter the anhydrobiotic state with a pre-
treatment with osmotic stress has not been established.  
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Materials and methods 
Collection of animals 
R. coronifer were collected on top of carbonite stone fences in Möckelmosen, 
Öland, Sweden (56˚31’N, 16˚30’ E) on the 30th of November 2005. Moss 
cushions from the top of two stone fences were collected and put in coffee filters 
and placed in boxes containing dry newspapers. As a result of very wet conditions 
at the time of sampling, four hours after collection moss cushions were 
transferred to new filters and placed on dry newspapers to secure drying.  
 
To extract the animals the moss cushions were cut in fine pieces using a parsley 
mincer. The fine-cut moss was washed with de-mineralised water through a set of 
sieves with mesh sizes of 250 µm and 100 µm. The 100 µm fraction was collected 
in a petri dish and allowed to re-hydrate for a minimum of 45 min. in de-
mineralised water before tardigrades were removed with a Irwin loop for further 
study. 
 
Activity and length 
A saline solution was made by adding Tropic Marin® SEA SALT, (Dr. Biener 
GmbH) to de-mineralised water. The osmolality of the solution was checked on a 
VAPRO® Vapor Pressure Osmometer, (Wescor) and diluted to the experimental 
concentrations. A 1.0 M poly ethylene glycol (PEG) standard solution was made 
by adding PEG (mW 300) (Sigma-Aldrich), to de-mineralised water. A standard 
range was produced to describe PEG-solution osmolality at all concentrations. 
 
Pictures were taken on a Leica DM IRB microscope (Leica Microsystems) and 
processed using the program IrfanView 3.61. The treatments of animals before 
photo sessions are given in relevant figure texts. 
 
Acute effect 
After the initial rehydration, ten animals were collected and their lengths were 
measured. The animals were then subjected to solutions of increasing salinity to 
maximum concentrations of 200, 250, 300, 350, 500 and 1000 mOsm. The 
salinity was changed every 30 minutes with a rate of 100 mOsm/ hour (200, 250, 
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300 and 350 mOsm) or 200 mOsm/ hour (500 and 1000 mOsm). At every 
salinity interval the activity of the animals were recorded. All movement were 
considered to be an indication of an active animal even though it was only a 
flicker of a claw or a leg. The lengths of the animals subjected to a maximum of 
1000 mOsm were measured at each salinity interval. Following the salinity was 
gradually lowered with 200 mOsm/ hour until 0 mOsm was reached.  
 
The same procedure was followed with PEG solutions to maximum 
concentrations of 0.50M (osmotic pressure 402 mOsm) and 1.00 M (osmotic 
pressure 1007 mOsm). The change in osmolality was approximately 200 mOsm/ 
hour. The lengths of the animals were measured for the animals subjected to 
1.00M PEG-solution. 
  
Chronic effect 
Re-hydrated animals were collected and put in 0, 250, 500 and 1000 mOsm 
solutions of both salt and PEG. The samples were kept at 6˚C. After 24 hours 
active animals were counted and all tardigrades were then moved to a new 
container with de-mineralized water and cooled to 6˚C again. After 24 hours 
active animals were counted again. 10 cohorts of 10 animals each were accessed 
in each class. To access temperature effect on the animals, 10 cohorts of 10 
animals each were kept at room temperature at 0 mOsm for 48 hours. The 
viability was checked after 24 and 48 hours. 
 
Osmolality measurements 
Animals were allowed to re-hydrate before they were put in saline solutions with 
the osmolalities of following strengths: 0, 100, 200, 300 and 500 mOsm. After 30 
minutes of exposure the animals were caught with a Irwin loop and quickly dried 
on a piece of napkin, before they were transferred to a drop of Type A immersion 
oil (Cargille Laboratories). Within the oil drop the animals were dissected and a 
haemolymph/ cell sample was taken out and loaded onto a Clifton Nanoliter 
Osmometer sample holder (Clifton Technical Physics). The osmolality was then 
measured as the temperature where the last ice crystal melted. 
 
Amino acid analysis 
The animals were allowed to rehydrate for at least 45 minutes before 100 
tardigrades were collected. The animals were put in an Eppendorf tube with de-
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mineralised water. After 30 minutes the samples were sonicated to allow all 
amino acids to leak from the animals. The sample was lyophilised and re-
dissolved in 150 µl water and spun at 3600g for 20 minutes on a SIGMA 1-14 
(Sigma Laborzentrifugen) before further analysis. 
 
A two-step purification procedure was applied. First 100 µl of the sample was 
loaded onto a ÄKTA-basic (GE Healthcare) connected to a Sephadex G25 Fine 
(Sigma-Aldrich) column (L: 75 mm, D: 6 mm) and a Frac-900 fraction collector 
(GE healthcare). Retention times were checked using both a Sedex 85, LT-ELSD 
(Sedere), and UV-absorption. The column had been packed according to 
manufactures descriptions [Link 2]. Fractions containing amino acids were 
collected and lyophilised to allow further analysis.  
 
The second step was a modified reverse phase procedure from Chaimbault et al. 
2000. The sample was re-dissolved in 100 µL of water and loaded onto an ÄKTA-
basic connected to a Hypercarb 2.1 x 100 mm column (Thermo-Hypersil). A four 
segment elution gradient was used: 0-10 min. 0-15% B, 10-20 min. 15-26% B, 20-
30 min. 26-50% B and 30-50 min. constant 50% B, where eluent A was 20 mM 
nonafluoropentanoic acid (Sigma-Aldrich) in water and B was HPLC-grade 
acetonitrile (Lab-Scan). The flow rate was set to 0.2 ml/ min. After each run the 
column surface was regenerated using 12 ml of 50:50 water/ acetonitrile, 12 ml of 
pure acetonitrile followed by 9 ml of pure water and finally 3 ml of eluent A. The 
ÄKTA was connected to a SEDEX 85 low temperature light scattering detector. 
The SEDEX was set to 55°C and the pressure to 3.5 bar. The detection limit was 
found to be around 1 nmol of each amino acid. 
 
Alternative second step was performed by loading 100 uL of the sample onto an 
ÄKTA-basic connected to a Purospher RP-18 (125 x 4 mm 5 um) column (Merck 
& CO., Inc.). The amino acids were separated using a gradient of A: 0.1% 
heptafluorobutyric acid (Sigma-Aldrich) in water and B: acetonitrile (0-2 min 
100% A, 2-17 min 0-30% B) linear gradient, flow 1 ml/min. The ÄKTA was 
connected to a SEDEX 85 low temperature light scattering detector. The SEDEX 
had been set to 55°C and the pressure to 3.5 bar. 
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Results 
Osmolality effect on activity 
In order to understand the tardigrades reaction to osmotic stress, experiments 
where undertaken where groups of animals were subjected to solutions with 
increasing osmotic pressure. This was done to determine within which osmolality 
range the animals could survive and to observe the basic patterns of response to 
osmotic stress. Before the experiments where carried out, osmolality tjecked for 
salt and PEG solutions to determine how 
much the individual solutes contributed to 
the osmotic pressure of the solutions. For 
details see appendix 1. 
 
Two types of experiments were undertaken, one to investigate the acute effect of 
osmotic stress on R. coronifer (figure 8 and 9), and another to describe the 
response to a chronic exposure to osmotic stress (figure 10 and 11). The acute 
effect of osmolality on the animals was investigated by treating the animals to a 
stepwise increase in osmolality followed by a stepwise reduction. 
 
Figure 6: Tun formation in R. coronifer
when subjected to 1000 mOsm of PEG 
solution for half an hour. The tun 
resembles that seen when animals 
encounters desiccation. The tun formed 
by animals encountering osmotic stress 
caused by PEG differs from the ones 
observed in animals treated with saline 
solutions. 
Figure 7: Tun of R. coronifer subjected 
to a saline solution with an osmolality of 
a 1000 mOsm for an hour. It can be seen 
that the animal fails to subtract its legs 
compared to the animal subjected to a 
PEG solution. 
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The animals showed a decrease in activity when the osmolality was increased. 
Between 200 and 250 mOsm the most markedly decrease in activity took place 
and virtually all body movement ceased. Leg and claw movement continued in 
some animals until approximately 500 mOsm, where all movement stopped 
(figure 9). Most animals revived after treatments with osmolalities of around 500 
mOsm no matter whether the osmotic stress was caused by salt or PEG (figure 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general the animals shrank when encountering osmotic stress. Inactive 
animals usually entered a tun-like shape, indicating certain parallels with 
responses observed when animals are subjected to other cryptobiosis inducing 
Figure 8: Activity of animals subjected to solutions with increasing 
concentrations of A) salt and B) PEG to maximum of 500 and 408 mOsm 
before the osmotic pressure was stepwise lowered to 0 mOsm.  As it can 
bee seen from the figure the animals’ response to short time exposure to 
both saline and PEG solutions is alike. 
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factors like desiccation and freezing (figure 6). Animals that were treated with 
saline solutions generally failed to subtract their legs (figure 7). When the 
osmolality of the solutions were decreased, visible damages were observed on 
some animals. These damages could be seen as leakage of haemolymph and body 
cavity cells. Animals that leaked haemolymph could still be counted as active as 
some still showed leg or body movement, in general these specimens would be 
dead or inactive when checked after 24 hours. 
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Figure 9: Activity of tardigrades subjected to solutions with increasing 
concentrations of A) salt and B) PEG to maximum of 1000 and 1007 
mOsm before the osmotic pressure was stepwise lowered to 0 mOsm.  As 
it can bee seen from the figure the animals are killed by high salinities 
while animals treated with PEG solutions usually revive when the 
osmolality is lowered. 
A 
B 
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At 500 mOsm (402 mOsm PEG) virtually all animals revived when the osmolality 
was lowered. At higher osmolalities it was observed that animals subjected to 
osmotic stress by PEG had a greater chance of surviving, than animals treated 
with saline solutions. This can be seen from figure 9 where animals were 
subjected to 1000 mOsm before the osmolality was lowered stepwise. No animals 
survived the treatment with salt, while 9 out of 10 animals were active after PEG 
treatment. Surviving animals from PEG-treatments were swollen, and the 
movement observed was therefore mostly observed as leg or claw movement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the chronic exposure experiments the animals were subjected to elevated 
osmolalities for 24 hours, before they were transferred to de-mineralised water. 
After 24 hours the fraction of active animals was similar for 250 mOsm saline 
(46% ±11) and PEG (45% ±10) solutions, (p=0.7972, student t-test). At higher 
osmolalities virtually no active animals were found. This is in good agreement 
with the acute effect experiments, where it was observed that most movement 
stopped around an osmolality of 500 mOsm. Most inactive animals in PEG 
treatments had adapted a tun like shape, which is in line with earlier 
observations.  
 
 
 
Figure 10: Active animals after 24- hour treatment of saline and PEG-
solutions at 6 Cº (n=10 for each sample). As it can be seen it seems like salt 
and PEG has the same effect on the animals. Animals that were kept at room 
temperature are still relatively active after 24 hours. Error bars marks 
standard deviation of each column. 
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Animals treated with solution of low osmolalities before being transferred to de-
mineralized water surprisingly showed lower viability in PEG- than saline-
treatments (figure 11). Tardigrades that had been treated with saline solutions 
showed a decrease in activity with increasing osmolality, as treatments differed in 
survival rate (p<<0.05 in all cases, student t-test). On the other hand the survival 
of animals that had been treated with PEG showed a decrease in survival 
compared to the control, but the survival was independent of PEG concentration, 
as no treatment had a survival rate that differed significantly from the others 
(p>0.05 in all cases, student t-test). Survival of all PEG treatments was found not 
to differ significantly from 500 mOsm saline treatment (p>0.05 in all cases, 
student t-test). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general it can be said that inactivity does not inevitably mean that a given 
animal is dead. If figure 10 and 11 is compared it can be observed that some of the 
animals counted as inactive after 24 hours were active after 48 hours. The 
survival of the animals kept at room temperature is quite low after 48 hours, it 
therefore seems like the energy available to the animals is relatively limited. This 
should be taken into account when the results of survival in other treatments are 
evaluated. 
 
Figure 11: Active animals after 24- hour treatment of saline and PEG-
solutions at 6 ºC followed by 24 hours in de-mineralized water at 6 ºC (n=10 
for each sample). As it can be seen the viability of animals decreased with 
increasing salinity. All PEG-treatments showed the same viability indifferent 
of osmolality. Animals kept at room temperature had a very low survival 
rate. Error bars marks standard deviation of each column. 
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When animals were treated with solutions of either PEG or salt with high 
osmolalities (>2000 mOsm), they failed to revive upon rehydration. The 
mortality of the animals was not affected of whether the animals were slowly 
acclimatized or not. The fact that all animals die at high osmolalities indicates 
that osmobiosis is not taking place. 
 
Osmolality effect on length 
In order to investigate which type of effect, osmotic stress had on the animals, 
length measurements were performed on a group of animals that was subjected 
to solutions of increasing osmotic strength. If the animals were osmotically 
dehydrated it could be expected that the length of the animals would decrease 
with increasing osmotic stress, but as figure 12 shows, the length of the animals 
started to increase at osmolalities from 200 mOsm and up. The length of the 
animals at 1000 mOsm was significantly larger than at at 200 mOsm (p=0.0005, 
student t-test). The growth at high osmolalities can to some extend be ascribed to 
the animals failing to enter or maintain a tun-like stage. Animals treated with 
PEG solutions showed a continuously decrease in length (figure 13). The length of 
the animals were significantly shorter at 1006 mOsm than at 222 mOsm 
(p=0.017 student t-test).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Effect of salinity on length of animals treated with solutions 
of increasing osmolality (n=10 for each point). The figure shows that
the animals decrease in size until their internal osmolality has been 
reached, then they start to grow in length. Error bars marks standard 
deviation of each column. 
0.25
0.35
0.45
0.55
0.65
0 200 400 600 800 1000
Salinity (mOsm)
A
n
im
al
 
le
n
gh
t (
m
m
)
 28 
Specimens that had been treated with PEG solutions with high osmolalities, 
increased in length when they were following subjected to lower osmolalities. 
Their length in de-mineralised water 0.51 ±0.06mm was shorter 0.67 ±0.06mm 
than animals subjected to 1.0M PEG before being re-transferred to pure water 
(200mOsm/ h., p=0.0001 with student t-test). This indicates that the total 
amount of osmolytes in the animals rise when the animals are treated with PEG, 
and that some of these osmotic active compounds are still present after the 
animals have been re-hydrated in demineralised water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The length of the animals in the two investigated series did not differ when in 
pure water (p=0.58, student t-test) but at 1000 mOsm the animals treated with 
saline solutions were markedly longer than the ones treated with PEG (p=0.007, 
student t-test), indicating differences in response patterns to the two types of 
osmolytes. 
 
Figure 13: Effect of osmolality on length of animals treated with PEG 
solutions of increasing osmolality (n=10 for each point). The figure 
shows that the animals shrink as a function of increasing osmolality 
Error bars marks standard deviation of each point. 
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Animal osmolality 
The osmolality of the animals was measured to get an idea of whether R. 
coronifer are osmoregulators or osmoconformers. The osmolality of the animals 
in de-mineralised water was measured to be 168 ±18 mOsm. The osmolality of 
the animals were higher than the external medium at all osmolalities, indicating 
that osmoregulation is taking place. Thus the animals kept their internal 
osmolality at around 170 mOsm above the surrounding osmlolality at all external 
osmolalities (figure 14). As seen in earlier experiments animals start to die if 
osmolalities are higher than 500 mOsm, therefore no measurements were carried 
out above this osmolality. 
 
 
Figure 14: Internal osmolality of A. coronifer as a function of 
external salinity (given in osmolality). N=5 for each point. 
Error bars marks standard deviation of each point 
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Figure 15: The separation of A) BSA and B) amino acids in 
the first purification step. The fractions between 0.93- 2.33 
min. (3-10) were collected for further analysis. Data 
represents two separate runs. Data for BSA multiplied by 
seven for clarity 
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Amino acid analysis 
One of the aims of this 
study was to quantify all 
amino acids in R. 
coronifer. Amino acid 
composition could give 
an idea of how 
osmoregulation or 
osmoconformation 
functions in the animals. 
To determine the 
amount of amino acids in 
the animals a two-step 
purification procedure 
was applied. The first 
step was a size-excluding 
purification procedure that was performed to get rid of proteins and other 
macromolecules. In order to collect the amino acid containing fractions, it was 
necessary to obtain their retention time. A BSA solution was applied to check 
protein retention and resolution (figure 15). The amino acids where found to have 
retention times within fraction 3-10 equaling 0.93- 2.33 minutes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The second purification procedure performed was a reverse phase HPLC 
separation, which led directly to quantification in the ELSD-detector. The 
determined retention times for two different separation procedures are given in 
Table 1: Retention times of 20 amino acids with two different applied purification procedures. As it 
can be seen there is a relatively large overlap in retention times. 
 
Applied 
method 
 
Ala 
 
Arg 
 
Asn 
 
Asp 
 
Cys 
 
Gln 
 
Glu 
 
Gly 
 
His 
 
Ile 
Hypercarb 5.8 19.8 4.5 4.5 4.4 - 6.1 5.0 22.7 19.9 
Purosphere 1.92 4.81 1.64 1.83 1.72 1.80 1.70 1.66 2.79 9.49 
Peak nr. 1 2 1 1 1 - 1 1 3 2 
 
Applied 
method 
 
Leu 
 
Lys 
 
Met 
 
Phe 
 
Pro 
 
Ser 
 
Thr 
 
Trp 
 
Tyr 
 
Val 
Hypercarb 19.5 4.5 34.2 - 5.0 5.0 - 39.0 32.2 4.5 
Purosphere 9.93 2.61 6.62 11.21 2.64 1.70 1.88 1.94 9.05 5.60 
Peak nr. 2 1 5 4? 1 1 - 6 5 1 
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table 1. As it can be observed, complete separation of amino acids was not 
obtained (figure 16), it was therefore impossible to quantify single amino acids. 
  
Even though a complete separation was not obtainable a very good sensitivity was 
observed. It was found that the detection limit was around 50 pmol of any given 
amino acid.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the initial standard range runs were produced it was discovered that there 
was loss of material some where in the purification procedure. Measurements on 
proline showed that at least one fourth of the amino acids disappeared in the 
lyophilization process. One measurement on 100 animals was performed to 
investigate the relative contents of amino acids in untreated animals. As it can be 
observed from figure 17, peak number 1 is by far the most intense. This peak is 
the one that contains most amino acids as seen from figure 16 and table 1. 
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Figure 16: The separation of 20 amino acids with the applied method. The concentration 
range was from 7.89·10-9 - 2.02·10-8M. As it can be seen resolution is relatively poor and the 
overlap in retention times and peak broadening gives rise to difficult interpretation. The 
narrow peaks are system peaks caused by usage of a 0.2 – 1.5 ml/min (flow 0.2 ml/ min). 
nebulizer. Peak assignment is marked by numbers and can be seen from table 1.  
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Figure 17: Amino acids in 100 animals. The figure shows how the relative amount of amino 
acids is in non-stressed animals. As it can be seen from the figure signals from most amino 
acids groupings are present. The largest peak is found at a retention time of approx. 5 min. and 
which among others contains prolin, histidine and valine. Peak 1 has been cut off, the total 
height is 1070 mV. 
1 
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Discussion 
The osmoregulation capacity of R. coronifer has been investigated in a number of 
ways, which has given a basic insight into how the animal respond to osmotic 
stress. The results will in the following be discussed and compared to relevant 
results described in the literature.  
 
Osmoregulation 
In general R. coronifer is a good osmoregulator at low osmolalities. The animals 
revive and hyper regulate efficiently in de-mineralized water. This demands that 
the animals have effective osmolyte. The ability to excrete hypo-osmotic liquid is 
also an important adaptation for animals that live in hypo-osmotic medium 
[Wilmer et al. 2005] and development of malphigian tubules in eutardigrades 
could be seen as a response to this. The ability to survive in hypo-osmotic 
medium is characteristic of all semi-terrestrial tardigrades known to science and 
the littoral species E. sigismundi [Wright et al. 1992].  
 
The osmolality experiments clearly showed that R. coronifer is more vulnerable 
to short term fluctuations in salt concentration than in PEG concentration. The 
high mortality could possibly be caused by net diffusion of inorganic ions into the 
animals, as the salt interferes with membrane potentials, and thereby the nerve 
function of the animals. This could also be why the animals fail to enter the tun 
stage in saline treatments. The salting out of proteins could also play a role in 
acute toxicity. PEG on the other hand functions as a compatible osmolyte, if it 
diffuses into the animals.  
 
The difference in the tardigrades response pattern to inorganic ions and PEG is 
best elucidated in the length measurements. The fact that the animals’ length 
starts to grow at high salinities probably indicates, that they fail to keep their 
muscles contracted. If this is the case, salt is most probably diffusing into the 
animals. The differences in length at 1000 mOsm were, to a large extent, caused 
by the animals being able to enter and withhold the tun stage when subjected to 
osmotic stress by PEG. When the animals stop active contraction they are 
probably on the verge of dying, as most animals subjected to high salinities did 
not revive when the salinity was lowered.  
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The high mortality at all osmolalities in chronic PEG-treatments is rather 
surprising, as it was expected that survival would be at least equal to that of saline 
treatments of equivalent strength. Collin and May (1950) reported that animals 
could survive glucose in concentrations approximate 10 times as high as 
inorganic ion concentration. The effect of PEG, on survival, must therefore be of 
different character. It could be that the metabolism increases with PEG exposure, 
as the animals work themselves to extortion trying to stay in tun formation. The 
survival is thus not as dependent on osmolyte concentration as on exposure time. 
If the survival is energy dependent, then glucose is probably a poor choice of 
organic osmolyte, if investigations into osmoregulation capacity is carried out as 
seen in Collin and May (1950). Salinity on the other hand could be expected to 
take part in concentration dependent reactions, e.g. salting out of proteins and 
disturbance of membrane potentials. 
 
To emphasize the limited amount of energy available to the animals, some were 
kept in de-mineralized water at room temperature. The mortality of animals in 
this treatment was higher than all PEG-treatments, indicating that the animals 
easily get deprived of energy within the timespan of the investigation. Therefore 
the muscle contraction involved in tun formation could be the reason for the high 
mortality in PEG-treatments. Part of the reason for the high mortality in chronic 
Figure 18: Animal that has been rehydrated before 
being subjected to 1000 mOsm PEG solution for 30 
minutes followed by 30 minutes in pure water. The 
animal is swollen due to water uptake. This 
indicates a rise in the internal osmolyte 
concentration during the PEG treatment. 
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PEG treatments, could also be caused by the rapid change in osmolality. In the 
short-term exposure experiments the osmolality was increased and lowered 
gradually, giving PEG or inorganic ions time to diffuse in or out of the animals 
inhibiting rapid swelling or shrinking. Acute exposure experiments with no 
acclimatization period should be undertaken to get a clearer picture of how 
inorganic ions and PEG affects activity. This should be done keeping the LT50 
values reported by Wright et al. (1992) in mind. 
 
The fact that animals treated with PEG grows, when they are returned to de-
mineralized water after exposure, either indicates that PEG is diffusing into the 
animals or that they synthesize compatible osmolytes when encountering osmotic 
stress. The synthesis of trehalose upon desiccation [Westh and Ramløv 1991] 
might also take place in animals encountering osmotic stress. If the animals do 
not synthesize amino acids, the growth of animals returned to 0 mOsm could be 
caused by trehalose accumulation. As earlier described P. vanderplanki has been 
found to produce trehalose when encountering osmotic stress [Watanabe 2003]. 
Unfortunately no data on compatible osmolyte production in R. coronifer was 
obtained in this study.  
 
Osmolality 
The measured osmolality of the animals is in good agreement with the values 
found in the literature. R. coronifer has been reported to have a haemolymph 
osmolality of 215 ±27 mOsm [Westh and Kristensen 1992], which is relatively 
close to the 168 ±18 mOsm measured. Crowe 1972 reported a value of 2480 
mOsm in M. areolatus, this is a rather unrealistic value, as 2480 mOsm more 
than twice that of seawater. Animals with such a high osmolality will most 
certainly burst if they were transferred to rain water (~0mOsm). 268 mOsm is a 
more likely result, and would fit much better with the results of this investigation 
and that of Westh and Kristensen (1992). 
 
The fact that R. coronifer actively osmoregulates, when the salinity is increased 
came as a surprise. Especially the fact that they are as strong regulators as the 
case is (figure 1 and 14). Due to their high surface to volume ratio, it was believed 
that they would to some extent be osmoconformers. The rise in osmolality must 
be caused by compatible osmolytes, as the animals would die if the rise in 
external osmolality were solely caused by an increase in inorganic ion 
concentration [Gilles 1971].  
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Habitat 
The natural habitat of R. coronifer does probably not fluctuate much in 
osmolality. The habitat is rain fed and the salt loading even during desiccation is 
relatively limited. Bryophilous tardigrades should therefore be expected to be 
relatively poor osmoregulators. This is not the case of all tardigrade species, E. 
sigismundi has been found in the littoral zone where large fluctuations in salinity 
takes place. Tardigrades ability to osmoregulate must therefore show large 
variation between species.  
 
Salinity 
On figure 19 is an overview of different freshwater species haemolymph 
osmolarity, when subjected to different external osmolarities. As it can be seen all 
the sampled fresh water species are strong or weak osmoregulators and they are 
never hypo-osmotic compared to the external medium. The observed pattern in 
R. coronifer is a bit different 
than from the shown 
species, as they keep their 
internal osmolality at 
approximately 170 mOsm 
higher than the external 
concentration. In general it 
can be said that animals that 
live in fluctuating 
environments are better 
adapted to changes in 
osmolalities than freshwater 
species. Some of the 
strongest osmoregulators 
are thus found in estuaries. 
 
Marine eutardigrades can be 
said to inhabit sites with a 
broad range of salinities. H. 
crispae has been found in 
the estuary Vellerup Vig in Isefjorden and in Nipissat Bugt at Disko Island 
[Møbjerg and Dahl 1996]. The two populations are probably living at different 
salinities, Vellerup Vig being a relatively low salinity area. The fluctuations in 
salinity at the individual sites on the other hand are relatively small. Therefore 
Figure 19: Different fresh water species and their 
response to external concentration of salt. As it can be 
seen none of the sampled fresh water species are at any 
time hypo-osmotic compared to the surroundings. From 
[Schmidt-Nielsen 1983]. 
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the two populations might not have different osmoregulation capacities, but are 
probably just acclimatized to different salinities. If this acclimatization is also 
reflected on the genetic level has not been investigated. 
 
It has been postulated that the marine eutardigrades have re-invaded the sea 
after having been limno-terrestrial [Crisp and Kristensen 1983]. It was noted that 
the re-invasion of some areas has been so successful, that they have completely 
out competed the marine heterotardigrades. It has been proposed that they have 
an advantage by being able to move in restricted spaces (intrastructural spaces 
between e.g. sand grains) and being able to osmoregulate (developed malphigian 
tubules) [Crisp and Kristensen 1983]. But as heterotardigrade species have been 
described to inhabit beaches and one of the eutardigrade species mentioned is 
intolerant of melt water [Crisp and Kristensen 1983], the reason is more likely to 
be found in the eutardigrades ability to enter cryobiosis. This could give them an 
advantage in the ice ladden waters at the Artic shoreline. If some eutardigrades 
are able to enter osmobiosis, that would also give them an advantage in the e.g. 
littoral zone compared to the heterotardigrades. Work is needed on the area as no 
results on osmoregulation have yet been published for any of the species in 
question or for any heterotardigrades. Work is currently being undertaken to 
describe the osmoregulation capacities of H. crispae from Vellerup Vig, Denmark 
[Personal communications, Persson, D.].  
 
Distribution 
The distribution of tardigrades was found to be relatively patchy in collected 
samples. The number of tardigrades in each sample could vary from a few or no 
specimens to around 80. This is in good agreement with the distribution 
observed by [Meyer 2006]. The amount of tardigrades found in the collected 
samples seems to be lower than from samples taken earlier at the same fence 
[Personal communications, Overgaard, C. and Kristensen, M.]. When sampling, 
entire moss cushions are removed, and therefore the tardigrade community 
might not have had enough time to re-invade newly settled moss cushions 
between sampling. A slow dispersal of animals, could result in only a few 
phenotypes being sampled, therefore not giving a correct picture of the 
population’s ability to withstand osmotic stress or other environmental factors 
for that case. 
 
So far the only investigation on different tardigrade populations, did not find any 
significant differences in animal resistance to desiccation [Jönsson et al. 2001]. 
On the other hand individuals from the same population differed in 
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anhydrobiotic survival as a function of body size and thereby age. Older 
individuals allocating more energy to reproduction [Jönsson and Rebecchi 
2002]. Osmotic stress resistance could also vary as a function of body size, but no 
experiments were conducted to try and establish a likewise relationship. 
 
Adaptive mechanisms 
When a tardigrade encounters osmotic stress, it must react to protect it self from 
damage caused by water and osmolyte diffusion. The water and osmolyte 
retention of the cuticle is therefore of great importance. The water loss rate has 
been linked directly to survival in desiccated animals, a likewise relationship 
could be expected in animals encountering osmotic stress. 
 
As well as having an impact on water loss rate the cuticle could play an important 
role in salt exclusion. Species that experience large fluctuations in osmotic 
pressure could have developed a thicker cuticle to increase inorganic ion 
retention. To date no data on this topic been published, but the cuticle thickness 
has been found to mimic desiccation tolerance [Wright 1988b]. The surface 
reduction obtained by infolding of the cuticula is also related to the desiccation 
tolerance [Wright 1989b]. Investigations on how different species have adapted 
to osmotic stress in their environment, should include measurements on cuticula 
structure and surface reduction during osmotic stress. R. coronifer is relatively 
desiccation tolerant [Jönsson et al. 2001] and should therefore also have a thick 
cuticle and be able to reduce their surface area to a large degree. If this is the 
case, they should in the simplified case be good at withstanding osmotic stress.  
 
Charwat et al. 2002 found that osmotic drying with sucrose, did not change water 
retention of the nematode cuticula, as it has been observed during desiccation. It 
therefore seems like complete removal of bulk water is necessary to obtain the 
increase in water retention, termed the permeability slump, which is associated 
with anhydrobiosis. As the permeability slump has been shown to be important 
in anhydrobiotic animals, an unsuccessful initiation of the permeability slump 
could be the reason that the animals cannot enter osmobiosis.  
 
It has not been taken into consideration that different life stages of tardigrades 
might have been sampled. This could have an impact especially as Møbjerg and 
Dahl, 1996 found that the pseudo-simplex stage of H. crispae had larger 
malphigian tubules than other stages and was probably therefore a more adapt 
osmoregulator. This is, as earlier described, contradicted by Crisp and Kristensen 
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(1983), that found that the active state was intolerant of melt water. This could 
also indicate that the life stages have different needs in osmoregulation capacity. 
 
Osmobiosis 
The animals entered a tun-like stage when encountering osmotic stress. As this is 
the first observable mechanism that is associated with cryptobiosis, it could 
indicate that the removal of water and the following increase in osmolality is the 
factor that triggers early cryptobiotic defence. If this is the case these results is in 
line with earlier observations on trehalose production in P. vanderplanki 
[Watanabe et al., 2003], which were triggered by osmotic stress. The larvae of 
these midges failed to enter osmobiosis, but still a rise in internal solutes 
triggered some of the mechanisms that lead to anhydrobiotic survival in the 
animals. Glazer and Salame (2000) and Charwat et al. (2002) showed that a pre-
treatment with osmotic stress increased survival, when nematodes were later 
dried and went into anhydrobiosis. They also described nematodes that coiled 
and survived prolonged periods of elevated osmolalities caused by sucrose 
indicative of osmobiosis. Some of the investigated nematodes encounter 
relatively large fluctuations in external osmolalities in their habitat, and therefore 
a certain amount of resistance is to be expected. It would be very interesting to 
try some of the same types of experiments with different species of tardigrades. E. 
sigismundi, H. crispae and R. coronifer would be obvious choices for such an 
investigation, because of the differences in their habitats.  
 
Osmobiosis has thus far not been observed in any tardigrade species and remains 
one of the most poorly understood types of cryptobiosis. The observations, of E. 
sigismundi dried in salt crystals, could witness tardigrades ability to enter 
osmobiosis.  It could also be indicative of tardigrades ability to enter 
anhydrobiosis after being subjected to osmotic stress. R. coronifer does not seem 
to be able to enter osmobiosis, based on the fact that a treatment with high 
osmolalities kills the animals. The removal of water by osmosis might not be 
enough to achieve a cryptobiotic conditions, as there is still bulk water present in 
cells. A way to investigate if the animals actually enter osmobiosis would be to 
measure their oxygen consumption.  
 
Early warning system – cryptobiotic defense 
As it has been shown in the length measurements, a longitudal contraction 
already takes place after a moderate increase in osmolality. This contraction of 
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the animals takes place even though the osmolality of the animals is higher than 
the osmolality of the external medium, ruling out osmotic pressure as being the 
reason for the reduction in size. Therefore a muscular contraction must take 
place, and the observed tun formation be an active process. This could be of 
profound importance to the understanding of the preparation process for 
anhydrobiosis, as it implies that a rise in osmolality could function as an early 
warning system for tardigrades about to experience desiccation.  
 
When the moss cushions starts to dry, the osmolality of the remaining water will 
rise. The rise in external osmolality could signal the coming of a dry spell before 
bulk water disappears, giving the animals extra time for trehalose production, de 
novo protein synthesis and organization of cell contents. This is in close 
agreement with the earlier reported results on nematodes [Glazer and Salame 
2000] and P. vanderplanki [Watanabe et al. 2003]. De novo synthesis of LEA-
like proteins has recently been linked to both anhydrobiosis and osmotic stress 
(1% NaCl- solution) in P. vanderplanki [Kikawada et al. 2006]. These findings 
strongly support osmotic stress as being a cryptobiotic trigger mechanism.  
Thereby elevated osmolalities in the environment will function as an early 
warning system. As mentioned earlier the survival of anhydrobiosis is linked 
closely to desiccation rate and therefore an early warning system could be an 
adaptation of profound significance. 
 
Compatible osmolytes 
As it can be seen from the results, the compatible osmolyte analysis did not reveal 
the full picture of how amino acid composition is in R. coronifer haemolymph. 
The first peak in figure 16 is by far the most intense and contains everything that 
elutes with void volume. This peak contains all of the amino acids but histidine 
with the highest concentrations in D. melanogaster haemolymph. This indicates 
that R. coronifer haemolymph resembles that of D. melanogaster. The amino 
acids being employed as possible compatible osmolytes could therefore be 
expected to be the same as in insects. 
  
The role of compatible osmolytes in osmoregulation has for the mentioned 
reasons not been determined. As the osmolality of the animals were higher than 
the osmolality of the medium at all times, compatible osmolytes synthesis could 
be expected to take place in the animals. If the rise in osmolalility were solely 
caused by inorganic ions diffusing into the animals, they would die at much lower 
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osmolalities than the case is. Trehalose and other compounds associated with 
cryptobiosis could also play a role in the elevated osmolality in the animals. 
 
The fact that the animals shrink when encountering hyper-saline media, do 
probably not indicate that water is drawn from the animals, as the osmolality is 
still higher than the external osmolality. As earlier mentioned the reduction in 
length is probably caused by muscle contraction. The rise in osmolality is 
probably caused by de novo synthesis of compatible osmolytes, produced by the 
animals to keep a constant cell volume. 
 
Method considerations 
The amino acid separation did not yield the planned results, as it was impossible 
to separate amino acids into individual peaks. After having sampled four different 
columns and three different ion-pairing reagents, I settled on the first method 
described. The separation using this method was the most effective, as amino 
acids when applying other methods, came out with void volume or suffered from 
extensive peak broadening and overlap.   
 
The method was modified from Chaimbault et al. 2000, the only modifications 
being that the samples were run at room temperature, and the re-generation of 
the column were performed using pure water instead of buffer. These 
modifications should not change the overall performance of the purification 
procedure; although keeping the column at 10 ºC changes retention times by a 
few percent [Chaimbault et al. 2000]. Nonetheless peak broadening and overlap 
of adjacent peaks hamper the analysis of results. Therefore it has not been 
possible to access single amino acid contribution to osmoregulation of R. 
coronifer. 
 
The loss of amino acids somewhere in the purification process is further 
hampering the effort to quantify the amino acids in R. coronifer. This problem 
should none the less be solved with an efficient troubleshooting. This has not 
been possible in the timespan of this investigation, due to the breakdown of the 
HPLC-system. A possible answer to the problem could be to add an internal 
standard to access the loss of matter in each sample. 
 
In general the purification and quantification of amino acids is very laborious and 
time-consuming. Derivatization of amino acids has historically been used when 
amino acid quantification was sought. As the derivatization procedure usually 
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gives rise to a loss of analytes, the method was not an option in this investigation, 
because of the work involved in collecting an appropriate sized sample. Another 
method for amino acid quantification is the utilization of mass spectroscopy. 
Mass spectroscopy analysis is in general very sensitive, but is normally applied 
with pre-detection separation. Therefore an HPLC-method capable of separating 
all or most amino acids is still a prerequisite to obtain high sensitivity. ELSD was 
found to be well suited as a detection method for amino acids. A detection limit of 
around 50 pmol is very good and should be sufficient to measure on micro 
metazoans like tardigrades. On top of this, sensitivity would increase if peak 
broadening were minimized. 
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Conclusion 
R. coronifer exerts active osmoregulation keeping its haemolymph hyper- 
osmotic, compared to the osmolality of the habitat. The osmolality of the animals 
was found to be 168 ±18 mOsm, which is in reasonable agreement with values 
found in the literature. The animals kept their internal osmolality at 
approximately 170 mOsm above surrounding media. Above approximately 250 
mOsm the animals started to show signs of osmotic stress. This indicates that R. 
coronifer is not adapted to survive high external osmolalities. 
 
Acute exposure to PEG solutions did not affect viability of animals, while chronic 
exposure increased mortality. These results indicate that viability of animals 
treated with PEG is time dependent, and therefore relies on the energy available 
to the animals. Saline solutions on the other hand showed the same effect on 
animal activity in both chronic and acute treatments, indicating a concentration 
dependent effect. 
 
The animals encountering osmotic stress forms the tun stage, which is also seen 
in cryptobiotic specimens. Animals that had been treated with saline solutions 
failed to subtract their legs, while tardigrades subjected to PEG formed a perfect 
tun. As no evidence of animals entering osmobiosis has been observed, it is 
concluded that the tun formation is an indication of preparation for 
anhydrobiosis not osmobiosis. This is in close agreement with recently reported 
results in the literature. 
 
R. coronifer was shown to be a strong osmoregulator, which is typical for 
freshwater species. Unfortunately amino acid composition of the animals could 
not be determined, as complete separation was not achieved. The rise in internal 
osmolyte concentration could thus not be assigned to specific compatible 
osmolytes. 
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Appendix 1 – Osmolality measurements 
Osmolality measurements on salt and PEG solutions. For each point n = 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The osmolality of a salt solution has been found to equal the linear relationship y = 
994.67x + 5.4, R2 = 0.9999 with respect to the molecular concentration x in moles. 
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The osmolality of a PEG solution has been found to equal the exponential relationship 
y = 435.71x2 + 554.14x + 16.133, R2 = 1 with respect to the molecular concentration x 
in moles 
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Appendix 2 – Amino acid concentrations 
Amounts of amino acids accessed in figure17. 
 
 Amino acid n (mole)   
 Alanine 1.01E-08  
 Arginine 1.11E-08  
 Aspargine 1.17E-08  
 Aspartic acid 1.04E-08  
 Cysteine 7.53E-09  
 Glutamic acid 1.16E-08  
 Glutamine 9.31E-09  
 Glycine 1.44E-08  
 Histidine 1.04E-08  
 Isoleucine 1.30E-08  
 Leucine 1.11E-08  
 Lysine 7.89E-09  
 Methionine 1.13E-08  
 Phenylalanine 1.08E-08  
 Proline 1.42E-08  
 Serine 2.02E-08  
 Threonin 1.61E-08  
 Tryptophane 1.34E-08  
 Tyrosine 9.82E-09  
  Valine 1.50E-08   
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Appendix 3 – Phylogenetic tree 
Phylogenetic tree of all mentioned animals.  
 
 
 
 
